Abstract: Auxiliary power modulation is used for mapping the operating space of an ignited tokamak , as well as for creating stable equilibria characterized by large Q (-65). The effect of feedback delay times is addressed, and it is shown that large delay times (> 1.5 sec.) correspond to an inherently unstable control system.
Introduction
A 0-D transport model is used as a means of examining the tokamak thermal instability. The uncertainty associated with the prediction of future ignited tokamak plasmas is high. At the initial stages of operation in CIT, auxiliary power modulation will be used for (a) gaining access into the ignition regime, (b) mapping the operating space, and (c) control about the desired operating point. The auxiliary power is varied by feedback laws which are based on temperature and neutron (fusion power) detection.
Plasma Power Balance
We consider a D-T plasma with temperatures Tn = TT = T. G T and densities nn, n~, ne, ni. The 0-D power balance of the ohmic ( p n ) , alpha particle ( p a ) , conduction loss ( P I ) , Bremsstrahlung (pb) and auxiliary (pa) power densities has the form where 17 is the Spitzer resistivity, J the current density, fd the deuterium fractional density in the plasma, E, the alpha particle energy The current density is related to the temperature by the steady
where the current density on axis JO is determined by the sawtooth condition qo = 1. The confinement time is assumed to have the form l / r~ = (I/T; + l/r&,)"' where Tn is the ohmic confinement time [I], and TAU represents the confinement time derived from auxiliary heated tokamaks. By assuming an elliptic plasma cross section with density and temperature profiles, whose steepness is described by the parameters v,, and v~ respectively, the on a x i s values no and To are related to their averages by = (U,, + 1) (n) and To = (UT + 1) ( T ) . I n this report the units are
B ( T ) , R(tn), n(m) and P o ( M W ) .
Tokamak thermal instability and the need for burn control Thermal runaway occurs in a tokamak once the plasma temperature exceeds a certain value. Table 1 gives the relevant CIT parameters. Fig. 1 shows the POP-CON plot for CIT under Goldston H-mode [2] scaling. The points beyond which the plasma experiences thermal runaway form a contour as shown in Fig. 1 . This contour goes through the Cordey pass and is referred to as the marginal ignition ridge (MJR) hereafter. Once the MIR is reached and the auxiliary power is not cutoff the plasma temperature continues to increase since T > 0 in this region. It is this temperature increase that we call thermal runaway.
Note that there are two regions of stable equilibria. One at low temperatures and the other at high temperatures. The low temperature stable equilibria occur at N 5 -10 keV depending on the amount of auxiliary power supplied to the plasma. However, these temperatures are too low for operating an ignition experiment.
In the absence of any physics or technological limits the high temperature stable equilibria could be ideal operating points for an ignited fusion machine. However, fundamental limits, such as the noyon B limit and the wall loading limit, exist which can not be violated in a fusion Fig. 2 the CIT equilibria corresponding to zero I auxiliary power are shown under Neo-Alcator, Goldston, and KayeGoldston scalings. Note that the location of the high temperature equilibria (dashed lines) can vary between 20 and 80 keV depending on the type of confinement used. Also on Fig. 2 typical contours for the /3 limit and the wall loading limit are shown. These limits are violated for some of these equilibria. During the initial stages of a first generation ignition experiment it is prudent that stable operation at the high temperature equilibria is not relied upon.
Therefore, an ignited tokamak will have to operate in the regime at which the physics and technological limits are not violated and which fall in the ignition region. However, these equilibria are unstable [31 requiri
. , ng some form of feedback control 
Mapping the Tokamak Operating Space
Due to the uncertainty associated with the predictions of existing confinement scalings the characteristics of the operating space in an ignited tokamak are unknown. For example, in a steady state POP-CON plot with fixed Pa contours, the precise locations of the Cordey pass, the MIR, and the zero auxiliary power contours is unknown. Therefore, determining the characteristics of the operating space, (mapping the operating space) will be the first goal of the ignition experiment.
During the mapping stage of an ignition experiment the most important goal is to determine the existence and location of the marginal ignition ridge. If such region exists the plasma is capable of igniting i.e. the alpha power will dominate other terms in the energy balance equation. Knowing the location of this region is important since it separates the low temperature stable region from the high temperature unstable region. A successful experiment must achieve some form of "stabilized" operation in the high temperature region.
Auxiliary power, whose primary objective is to heat the plasma to the ignition regime may also be used for mapping the tokamak operating space both in the low temperature stable regime and in the high temperature ignition regime. The primary motivation for using auxiliary power is that it is capable of creating steady state equilibria at any temperature.
In an experiment, the location of the marginal ignition ridge can be estimated by measuring; (1) Q (Fusion power / Auxiliary power) as a function of temperature, (2) the energy confinement time and extrapolating, (3) by looking for an inflection point in the temperature versus time plot.
In Fig. 3 the value of Q at the marginal ignition ridge of CIT is plotted as a function of plasma density n. Note that Q ranges from 4 to 6 as the density varies from its value at the Cordey pass to the Murakami limit. It is therefore obvious that a Q of at least 5 must be achieved before any claim for an ignited plasma can be made. Any other situation for which the operating space does not have a marginal ignition ridge in the regime of interest is incapable of producing Q = 5. Therefore, once Q = 5 is detected the implication is that the plasma is capable of igniting.
Measuring TE and extrapolating [3] will be done similarly to the way present day TE based calculations are done. However, the confidence level in the extrapolation will be higher since the machines will operate in new regimes.
Another indicator for the existence and location of the MIR is the appearance of an inflection point in the trace of temperature versus time. However detecting the inflection point will be difficult in an experiment. The existence of experimental errors as well as the effect of large amounts of auxiliary power [3] make the detection of an inflection point very uncertain. For these reasons this method does not appear to be very helpful during the mapping process of the tokamak operating space. Once the existence and the location of the MIR is determined, operation in the high temperature alpha dominated regime is possible. The goal of burn control is to provide a stable thermal equilibrium in the alpha dominated regime. In general, any viable burn control study requires consideration of the following issues: determination of the equilibrium "operating" temperature, stability analysis about the operating temperature, calculation of the time scales involved in the problem, evaluation of the various diagnostic and engineering issues.
Various burn control methods [4,5,6] have been suggested through the years. Each has advantages and disadvantages, and none is sufficiently simple and well tested experimentally to assure success. Passive bum control methods such as soft p limit and field ripple control are the most desirable from an economic point of view. However, in designing near term experiments such as CIT and ITER the most reliable method must be chosen as the primary burn control mechanism.
Auxiliary power control where P.,E~ represents the amount of aimiliary power at the equilibrium point Xeq. The parameter X can be some plasma parameter such as temperature or neutron flux (fusion power)
Burn control model
In addition to the power balance Eq 1, for a complete model we should consider the effects of the tlme delays, the form of the feedback law, as well as the density evolution as follows. where the form of the functions 0, 3, and IC is given in reference [3] . P, is the alpha power absorbed by the plasma at time t, Qa is the amount of auxiliary power produced at time t. The parameters T , , and r d represent the delay times associated with the alpha particle thermalization, and the feedback system. S is the volumetric deuterium tritium source rate, f d is the deuterium fraction in the plasma, and f,,d gives the fraction of deuterium in the source.
Results
Temperature evolution: During an ignition sequence the plasma temperature mu,st evolve, from zero at the beginning of the discharge, t o the desired operating temperature in a time shorter than the specified pulse length. For CIT the operating point denoted by A in Fig. 1 is reached in 2 sec. This is obtained with density ramping and auxiliary power modulation. Fig. 4 shows (a) the temperature evolution, (b) the corresponding fueling rate, and (c) the various plasma powers. ly related to the control characteristics of the system. In an ideal system, the maximum positive temperature deviation that can be staBurn control: The choice of the final operating temperature is strong- 
